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ABSTRACT 

I n  suppor t  o f  t h e  technology €or t h e  advanced Rankine 
system, a nuc lea r  e l e c t r i c  power p l a n t  f o r  space,  a program 
was conducted t o  t e s t  a l i thium-heated s ing le - tube  p o t a s s i -  
um b o i l e r  a t  e x i t  s a t u r a t i o n  temperatures  a s  h igh  a s  1420 K. 
A sample of  t h e  r e s u l t s  obtained,  i nc lud ing  a temperature  
d i s t r i b u t i o n  i n  t h e  b o i l e r ,  t h e  v a r i a t i o n  of b o i l e r  p r e s s u r e  
l o s s e s  wi th  potassium flow r a t e ,  and average potassium b o i l -  
i n g  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  a range  of e x i t  q u a l i t i e s  
and e x i t  supe rhea t s ,  i s  presented.  One t r a n s i e n t  t e s t ,  simu- 
l a t i n g  t h e  s t a r t u p  of t h e  advanced system, is descr ibed.  The 
success  of t h e  b o i l e r  t e s t i n g  r e p r e s e n t s  a major advance i n  
t h e  technology f o r  high-temperature l iqu id-meta l  space  pcwer 
systems. 
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A major component of t h e  advanced Rankine system is t h e  
potassium b o i l e r .  To develop t h e  technology f o r  t h i s  compo- 
nen t ,  a 400 kWt-capacity, r e f r ac to ry -a l loy  t e s t  f a c i l i t y  was 
b u i l t  c o n s i s t i n g  of a l i th ium-hea t ing  l o o p ,  a potassium-boi l ing 
loop and a NaK h e a t - r e j e c t i o n  loop. A s ing le - tube  b o i l e r  was 
i n s t a l l e d  i n  t h i s  f a c i l i t y  and t e s t e d  over a wide range of con- 
d i t i o n s ,  i nc lud ing  b o i l e r  e x i t  s a t u r a t i o n  temperatures  of up t o  
1420 K. A sample of t h e  d a t a  and r e s u l t s  obtained i n  t h i s  t e s t  
i s  presented  here in .  Included is a temperature  p r o f i l e  w i th in  
t h e  b o i l e r  a t  a cond i t ion  c l o s e l y  matching t h e  des ign  ope ra t ing  
p o i n t  of t h e  advanced system. Overa l l  p r e s s u r e  l o s s e s  a r e  shown 
t o  i n c r e a s e  s u b s t a n t i a l l y  when t h e  b o i l e r  ope ra t e s  w i th  a modest 
e x i t  superheat .  The average potassium-boi l ing h e a t - t r a n s f e r  co- 
e f f i c i e n t s ,  a t  e x i t  s a t u r a t i o n  temperature  l e v e l s  of 1255 and 
1380 K ,  a r e  r e l a t i v e l y  l a r g e  bu t  decrease  a s  t h e  b o i l e r  produces 
superheated vapor a t  t h e  ex i t .  One of t h e  t r a n s i e n t  t es t s  t h a t  
were conducted, a s imula t ion  of  t h e  s t a r t u p  of t h e  advanced 
system t o  a s e l f - s u s t a i n i n g  cond i t ion ,  is l ikewise  discussed.  
The r e s u l t s  of  t h e  t e s t i n g  of t h i s  b o i l e r  mark an advance i n  
t h e  technology f o r  high-temperature l iqu id-meta l  space power 
systems, 

INTRODUCTION 

About 1 9 6 0 ,  t h e  Na t iona l  Aeronaut ics  and Space Administra- 
t i o n  undertook t h e  development of technology f o r  high-temperature 
l iqu id-meta l  space  e lec t r ic  power systems because of  t h e  poten- 
t i a l  need f o r  such devices  f o r  advanced missions.  The advanced 
Rankine system, a nuc lea r  power p l a n t  based on t h e  convent ional  
Rankine thermodynamic c y c l e  b u t  employing potassium a s  t h e  work- 
i n g  f l u i d ,  was one such technology s e l e c t e d  f o r  development. 
This  system w a s  chosen because,  a t  t h e  very l a r g e  power l e v e l s  
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(hundreds of k i l o w a t t s  t o  megawatts), it o f fe red  (and s t i l l  
o f f e r s )  t h e  lowest  s p e c i f i c  weight and smallest  r a d i a t o r  
a r ea  of a l l  t h e  candida te  space  e l e c t r i c  systems. 

One of t h e  major components of  t h e  advanced Rankine sys-  
t e m  is t h e  b o i l e r .  Within t h i s  component, h e a t  from t h e  
nuc lea r  r e a c t o r  coolan t  is t r a n s f e r r e d  t o  the potassium working 
f l u i d ,  conver t ing  the l a t t e r  from a h igh ly  subcooled l i q u i d  a t  
t h e  b o i l e r  en t rance  t o  a s l i g h t l y  superheated vapor a t  t h e  e x i t ,  
From t h e  b o i l e r ,  t h e  potassium vapor flows d i r e c t l y  t o  t h e  
t u r b o a l t e r n a t o r  and then  t o  t h e  condenser where it is r e s t o r e d  
t o  t h e  l i q u i d  s t a t e .  The potassium is re tu rned  t o  t h e  b o i l e r  
i n l e t  by means of a r e c i r c u l a t i o n  pump, 

System s t u d i e s  (ref. 1, f o r  example) have ind ica t ed  t h a t  
potassium b o i l e r  i n l e t  and o u t l e t  temperatures  of about 920 
and 1420 K ,  r e s p e c t i v e l y ,  would b e  requi red .  Corresponding 
temperatures  of t h e  r e a c t o r  coolan t ,  l i q u i d  l i t h i u m ,  e n t e r i n g  
and l eav ing  t h e  b o i l e r  would be about 1475 and 1420 K ,  respec-  
t i v e l y ,  I n  a d d i t i o n ,  t h e  b o i l e r  would have t o  be  compact s o  
a s  t o  minimize r e a c t o r  s h i e l d  weights.  This  c o n s t r a i n t  r e -  
s u l t e d  i n  a conceptual  b o i l e r  design c o n s i s t i n g  of a bundle 
of tubes, i n t o  which t h e  potassium would flow and be vaporized,  
surrounded by a s h e l l .  The l i t h i u m  would flow i n  t h e  space  
between t h e  tubes  and t h e  s h e l l ,  coun te rcu r ren t  t o  t h e  potass -  
ium, If needed, t h e  b o i l e r  would be bent  i n t o  an a r c  of a c i r c l e  
f o r  packaging i n t o  a sh i e lded  g a l l e r y  of  t h e  spacec ra f t .  

I n  order  t o  design t h e  b o i l e r  f o r  t h e  advanced Rankine sys-  
t e m ,  a program was undertaken t o  t e s t  candida te  s ing le - tube  
b o i l e r s  a t  t h e  r equ i r ed  system condi t ions .  A l a r g e  T-111 
(Ta-8W-2Hf) r e f r a c t o r y  metal  f a c i l i t y  was cons t ruc t ed ,  a s  p a r t  
of t h i s  program, t o  provide t h e  means f o r  i n t roduc ing  t h e  l i t h -  
ium and potassium f l u i d s  i n t o  t h e  t e s t  b o i l e r  a t  t h e  appropr i a t e  
temperatures ,  p re s su res  and flow r a t e s .  This f a c i l i t y  was p u t  
i n t o  opera t ion  dur ing  t h e  f a l l  of 1970 f o r  t h e  purpose of t e s t i n g  
t h e  first s ingle- tube  b o i l e r .  Approximately 200 d a t a  runs  over 
a wide range of cond i t ions  were s u c c e s s f u l l y  obtained w i t h  t h e  
b o i l e r ,  i nc lud ing  s e v e r a l  t r a n s i e n t  t es t s ,  wi th  e s s e n t i a l l y  no 
i n s t a b i l i t i e s  encountered. Each such run  cons i s t ed  of t h e  r e -  
cording of t h e  output  of about  300 ins t ruments  such a s  thermo- 
couples ,  flow meters and p r e s s u r e  gauges, This  mass of d a t a  is 
s t i l l  i n  t h e  process  of be ing  reduced and analyzed. Pending 
t h e  completion of t h i s  work and its subsequent documentation, 
t h i s  r e p o r t  is i s sued  f o r  t h e  purpose of p re sen t ing  t o  t h e  
t e c h n i c a l  community i n  a s  t imely  a manner a s  p o s s i b l e  a sma l l  
sample of t h e  d a t a  obtained and some pre l iminary  h e a t - t r a n s f e r  
r e s u l t s  e 
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DESCRIPTION OF TEST FACILITY 

The t e s t  f a c i l i t y  which was cons t ruc ted  cons i s t ed  of t h r e e  
in te rconnec ted  flow c i r c u i t s .  These were a l i th ium-hea t ing  
loop ,  a potassium-boi l ing loop and a NaK h e a t - r e j e c t i o n  loop. 
Re fe r r ing  t o  f i g u r e  1, t h e  l i t h i u m  flows from t h e  e l e c t r o -  
magnetic (EM) pump through a flow meter, a 400-kW-capacity 
AC e l e c t r i c a l  h e a t e r  and i n t o  t h e  s h e l l - s i d e  of t h e  s i n g l e -  
t u b e  b o i l e r ,  From t h e  e x i t  of t h e  b o i l e r ,  t h e  l i t h i u m  re- 
t u r n s  t o  t h e  s u c t i o n  s i d e  of  t h e  pump f o r  r e c i r c u l a t i o n .  
Liquid potassium flows from t h e  EM pump through a flowmeter, 
a l i q u i d  t h r o t t l e  va lve ,  a 30-kW-capacity AC e l e c t r i c a l  pre- 
h e a t e r  and i n t o  t h e  tube s i d e  of t h e  b o i l e r .  Ex i t ing  t h e  
b o i l e r ,  t h e  potassium vapor e n t e r s  a r a d i a n t  desuperheater  
and vapor t h r o t t l e  va lve ,  t h e s e  components a c t i n g  t o  simu- 
l a t e  t h e  t u r b i n e  of  t h e  advanced system, 
t h e  t h r o t t l e  va lve ,  t h e  vapor then  flows i n t o  a t h ree - tube  
condenser, Heat is removed from t h e  vapor and t r a n s f e r r e d  
t o  t h e  condenser coo lan t ,  NaK. The potassium i n  t h e  l i q u i d  
s t a t e  r e t u r n s  t o  t h e  pump f o r  r e c i r c u l a t i o n  t o  t h e  b o i l e r .  
The NaK coolant  flows from an EM pump through a flowmeter 
and i n t o  t h e  s h e l l - s i d e  of t h e  condenser. From t h e  condenser,  
t h e  NaK e n t e r s  an a i r  coo le r  and then  r e t u r n s  t o  t h e  pump, 

Expanding through 

Both t h e  l i t h i u m  and potassium c i r c u i t s  were f a b r i c a t e d  
of t h e  tantalum-based r e f r a c t o r y  a l l o y ,  T-111,  and were con- 
t a i n e d  i n  a vacuum chamber about 5.5 meters t a l l  and 1-8 
meters i n  diameter.  This  chamber i s  capable  of extremely low 
p res su res  and is equipped wi th  bake-out h e a t e r s  and cool ing  
c o i l s .  The NaK loop was f a b r i c a t e d  of Type 321 s t a i n l e s s  
s t e e l  and is exposed t o  t h e  ambient, A more d e t a i l e d  desc r ip -  
t i o n  of t h e  t e s t  f a c i l i t y  i s  presented  i n  r e fe rence  2 ,  An 
o v e r a l l  view of t h e  vacuum chamber enc los ing  t h e  l i t h i u m  and 
potassium c i r c u i t s  is shown i n  f i g u r e  2 ,  

DESCRIPTION OF SINGLE-TUBE BOILER 

A schematic diagram of t h e  t e s t  b o i l e r  is shown i n  f i g u r e  
3, The curved t e s t  b o i l e r  cons i s t ed  of an ou te r  and inne r  
t u b e ,  bo th  approximately 2.29 meters Aong, t o  which were 
a t t ached  appropr i a t e  p i p i n g  f i t t i n g s  f o r  welding i n t o  t h e  f a c i l -  
i t y o  The inne r  tube ,  i n  which t h e  potassium vaporized,  had an 
o u t e r  diameter of 1,91 c m  and a w a l l  t h i ckness  of 0.102 c m .  The 
o u t e r  t ube  was 3.30 cm i n  diameter  and had a wa l l  t h i ckness  of 
0-25 cm.  The l i t h i u m  flowed coun te rcu r ren t  t o  t h e  potassium i n  
t h e  annulus formed by t h e  two tubes.  The he igh t  of t h e  annulus 
was nominally 0,445 cm. Slack-diaphragm gauges were a t t ached  t o  
t h e  b o i l e r  t o  measure t h e  potassium i n l e t  and o u t l e t  p ressures .  
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Thermocouple immersion wells were likewise loca ted  near  the 
en t rances  and e x i t s  of  t h e  l i t h i u m  and potassium passages.  

Contained wi th in  the inne r  t ube  was a composite s w i r l -  
gene ra t ing  i n s e r t  f o r  enhancing t h e  h e a t  t r a n s f e r  t o  t h e  
potassium (reference 3 ) .  The i n i t i a l  1 .4  meters o f  t h e  i n -  
se r t  cons i s t ed  of a s i n g l e  h e l i c a l  vane wrapped about and 
spot-welded t o  a 0.635-cm-diameter hollow centerbody. The 
remaining 0.89-meter l e n g t h  of t h e  i n s e r t  cons i s t ed  of a 
h e l i c a l  wire c o i l .  The r a t i o  of p i t c h  ( a x i a l  d i s t a n c e  t r a -  
versed by t h e  vane o r  w i r e  c o i l  f o r  a r evo lu t ion  of 2 4" 
rad ians)  t o  tube-inner-diameter f o r  the composite i n s e r t  was 
about 3 - 0 .  The centerbody of t h e  he l i ca l -vane  p o r t i o n  of  
t h e  i n s e r t  served as an immersion w e l l  i n t o  which seven thermo- 
couples  were p laced  f o r  measur'ing potassium f l u i d  temperatures  e 
Seven a d d i t i o n a l  thermocouples were placed i n  a s i m i l a r  t ube  
i n  t h e  reg ion  of t h e  b o i l e r  which contained t h e  w i r e  c o i l .  
Spot-welded t o  t h e  e x t e r i o r  of t h e  s h e l l - t u b e  was a t o t a l  of  
60 thermocouples, t h a t  is, f o u r  thermocouples d i s t r i b u t e d  
uniformly around t h e  s h e l l  per iphery  a t  each of 15 a x i a l  s t a -  
t i o n s .  These were used t o  measure t h e  l i thium-temperature  
d i s t r i b u t i o n  a long  t h e  l e n g t h  of t h e  b o i l e r .  
couples were made from c a l i b r a t e d  W - 3  Re - W-25 Re wi re  of 
0.012-cm diameter ,  The b o i l e r  was wrapped wi th  t e n  l a y e r s  
of 0,005-cm-thick dimpled Nb-1 Z r  f o i l  f o r  thermal  i n s u l a t i o n .  
A more complete d e s c r i p t i o n  o f  t h e  t e s t  b o i l e r  i s  a l s o  given 
i n  r e f e r e n c e  2 ,  

A l l  thermo- 

RESULTS AND DISCUSSION 

A s  descr ibed  i n  t h e  INTRODUCTION, approximately 200 t e s t s  
were conducted wi th  t h e  s ing le- tube  b o i l e r .  Most of  t h e s e  
t e s t s  were f o r  t h e  purpose of mapping t h e  s t e a d y - s t a t e  thermal  
and hydrau l i c  performance of t h e  b o i l e r ;  however, some t r a n s i e n t  
t e s t s  s imula t ing  t h e  s t a r t u p  of t h e  advanced Rankine system 
were a l s o  made. For t h e  s t e a d y - s t a t e  t e s t s ,  Table 1 lists t h e  
ranges of t h e  v a r i a b l e s  which were covered, I n  t h e  paragraphs 
below, a smal l  sampling of  both t h e  performance and t r a n s i e n t  
t e s t  d a t a  i s  presented  and d iscussed ,  

Temperature D i s t r i b u t i o n  Within Bo i l e r  

F igure  4 p re sen t s  a temperature  d i s t r i b u t i o n  wi th in  t h e  
s ing le - tube  b o i l e r  obtained from t h e  da ta .  
l e t  cond i t ions  f o r  t h i s  run a r e  given i n  Table  2 .  
Table 2 l ists t h e  i n l e t  and o u t l e t  cond i t ions  f o r  t h e  b o i l e r  
a t  t h e  nominal des ign  p o i n t  of t h e  advanced Rankine system 
( r e f .  1) ., From t h i s  t a b l e ,  it is c l e a r  t h a t  t h e  run shown i n  
f i g u r e  4 c l o s e l y  matches t h e  nominal ope ra t ing  condi t ion  r e -  
qu i r ed  f o r  t h e  system. 

The i n l e t  and out- 
I n  a d d i t i o n ,  
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From t h e  temperature  p r o f i l e  shown i n  f i g u r e  4,  t h e  
l i q u i d ,  two-phase and superhea t  r eg ions  of t h e  potassium 
can r e a d i l y  be i d e n t i f i e d .  The l i q u i d  reg ion  extends from 
t h e  beginning of t h e  hea ted  zone t o  a p o i n t  about 0.15 
meter downstream of t h e  i n l e t .  Within t h i s  very s h o r t  
l e n g t h ,  h e a t  is added t o  t h e  potassium, r a i s i n g  i ts  tempera- 
t u r e  t o  t h e  l o c a l  s a t u r a t i o n  temperature  of  1387 K. The two- 
phase or b o i l i n g  reg ion  s t a r t s  a t  t h e  0.15-meter l o c a t i o n  and 
extends t o  about t h e  1.5-meter p o i n t  w i th in  t h e  heated zone. 
From t h e  end of t h i s  reg ion  t o  t h e  b o i l e r  e x i t  is t h e  super-  
heated-vapor region.  The c h a r a c t e r i s t i c  temperature  p r o f i l e  
shown i n  f i g u r e  4 is i d e n t i c a l  t o  t h e  p r o f i l e s  obtained wi th  
b o i l i n g  potassium a t  e x i t  s a t u r a t i o n  p res su res  of about  
34 N/cm2 and r epor t ed  i n  r e f e r e n c e  3. 

The cons is tency  of t h e  temperature  d a t a  shown i n  f i g u r e  4 
is est imated t o  be wi th in  about  2 1 K f o r  most of t h e  thermo- 
couples  i n s t a l l e d  i n  t h e  b o i l e r .  This  cons is tency  is t h e  re- 
s u l t  of c a r e f u l  i n s t a l l a t i o n  of t h e  thermocouple wires and 
ex tens ive  i n  s i t u  i n t e r c a l i b r a t i o n  t e s t s  conducted p r i o r  t o  
and dur ing  t e s t i n g  of t h e  b o i l e r .  

B o i l e r  Overa l l  P re s su re  Losses 

A p l o t  of t h e  p re s su re  l o s s e s  ac ross  t h e  b o i l e r  a s  a 
func t ion  of potassium flow r a t e  is g iven  i n  f i g u r e  5. These 
d a t a  were obtained du r ing  runs i n  which t h e  potassium-exi t  
p r e s s u r e  ( e x i t  s a t u r a t i o n  temperature) and t h e  potassium- 
i n l e t  temperature  were he ld  constant .  The flow r a t e  and t h e  
h e a t  i npu t  were va r i ed  t o  achieve an e x i t  q u a l i t y  of 1.0 and 
two l e v e l s  of e x i t  superheat .  The p r e s s u r e  l o s s e s ,  a s  shown 
i n  t h i s  f i g u r e ,  a r e  s u b s t a n t i a l l y  l a r g e r  f o r  t h e  b o i l e r  oper- 
a t i n g  wi th  a modest e x i t  superheat .  This  increased  p res su re  
l o s s  is due t o  t h e  longer  vapor pa th  l eng ths  p re sen t  w i th in  
t h e  b o i l e r  t ube  and t o  l a r g e r  momentum p res su re  l o s s e s .  

Average Potassium-Boiling Heat-Transfer C o e f f i c i e n t s  

F igure  6 p r e s e n t s  potassium h e a t - t r a n s f e r  c o e f f i c i e n t s  
averaged over t h e  b o i l i n g  (two-phase) reg ion  of t h e  b o i l e r  a s  
a func t ion  of e x i t  q u a l i t y  or superhea t  f o r  two e x i t  s a t u r a -  
t i o n  temperature  l e v e l s  of about 1255 and 1380 K. The d a t a  
shown i n  t h i s  f i g u r e  were computed from t h e  temperature  pro- 
f i l e s  of which f i g u r e  4 is an example. The average h e a t  
f l u x e s  f o r  t h e  b o i l i n g  reg ion  (excluding t h e  l i q u i d  and, where 
a p p l i c a b l e  , t h e  vap or-superhea t i n g  regions)  were est imated 
from t h e  l i t h i u m  temperature  change and flow r a t e .  The average 
inne r  t ube  wal l - to-bulk potassium temperature  d i f f e r e n c e s  were 
obtained from t h e  s h e l l  temperature  p r o f i l e s  and e s t ima tes  of 
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t h e  l i t h i u m  and inne r  t ube  w a l l  thermal  r e s i s t a n c e s .  

The d a t a  of f i g u r e  6 i n d i c a t e  t h a t  t h e  average co- 
e f f i c i e n t s  a r e  e s s e n t i a l l y  i n s e n s i t i v e  t o  e x i t  q u a l i t y  
u n t i l  an e x i t  q u a l i t y  of  about  1.0 is achieved. There- 
a f t e r ,  t h e  c o e f f i c i e n t s  dec rease  r a p i d l y  w i t h  i n c r e a s i n g  
e x i t  superhea t ,  This  behavior  of t h e  average b o i l i n g  co- 
e f f i c i en t  is a t t r i b u t e d  t o  the i n c r e a s e  i n  l e n g t h  of t h e  
t r a n s i t i o n  b o i l i n g  regime w i t h  inc reas ing  e x i t  q u a l i t y  and 
superhea t .  Descr ip t ions  of t h e  h e a t  t r a n s f e r  mechanisms 
occurr ing  i n  b o i l i n g  potassium a r e  presented  i n  r e fe rences  
3 and 4. These r e fe rences  may a l s o  be  consul ted  f o r  t h e  
e f f e c t  of e x i t  s a t u r a t i o n  temperature  on b o i l i n g  h e a t - t r a n s f e r  
c o e f f i c i e n t s .  

T rans i en t  Tests t o  Simulate  S t a r t u p  
o f  t h e  Advanced Rankine System 

Trans i en t  t e s t s  were performed wi th  t h e  s ing le - tube  
b o i l e r  t o  s imula t e  t h e  s t a r t u p  of t h e  advanced Rankine system. 
These t e s t s  were based on t h e  method employed t o  s t a r t  t h e  
SNAP-8 mercury Rankine power conversion system a s  descr ibed  
i n  r e f e r e n c e  5. I n  b r i e f ,  t h e  s t a r t u p  of t h e  mercury system 
c o n s i s t s  of two phases ,  a "boots t rapTT and a rrpower'T t r a n s i e n t ,  
s epa ra t ed  by a t i m e  delay,  , P r i o r  t o  t h e  b o o t s t r a p  t r a n s i e n t ,  
t h e  r eac to r -coo lan t  loop is  brought t o  des ign  
temperature  l e v e l  by opera t ion  of t h e  r e a c t o r  a t  a reduced 
power. The mercury flow r a t e ,  dur ing  t h e  b o o t s t r a p  ope ra t ion ,  
is made t o  inc rease  a t  a cons t an t  r a t e  wi th  t ime-- i , e , ,  a 
ramp inc rease - -un t i l  a flow of about 50 pe rcen t  of t h e  design 
flow is  achieved,  about  100 seconds a f t e r  commencement of t h e  
t r a n s i e n t .  T h e r e a f t e r ,  mercury flow is he ld  cons tan t  a t  t h e  
50 pe rcen t  value.  During t h e  ramp, t h e  r e a c t o r  c o n t r o l  system 
a c t s  t o  maintain t h e  r e a c t o r  o u t l e t  temperature  cons t an t  by in -  
c r eas ing  t h e  thermal  power l e v e l .  Th i s  b o o t s t r a p  opera t ion  
b r ings  t h e  power p l a n t  t o  a s e l f - s u s t a i n i n g  power l e v e l ,  a 
l e v e l  which is pa in t a ined  u n t i l  t r a n s i e n t s  i n  t h e  r eac to r -coo lan t  
loop decay. Following t h i s ,  a second mercury flow ramp t a k e s  
p l a c e  which b r ings  t h e  power p l a n t  t o  t h e  design ope ra t ing  con- 
d i t i o n s .  This  second t r a n s i e n t  is  5 t o  9 t imes longer  i n  dura- 
t i o n  than  t h e  first and is a quas i - s t eady- s t a t e  process .  

For t h e  potassium s t a r t u p  tes t s ,  both  t h e  boo t s t r ap  and 
t h e  power t r a n s i e n t  phases were performed, The boo t s t r ap  
t r a n s i e n t  is t h e  more c r i t i c a l  of t h e  two f o r  t h e  power p l a n t .  
One such t e s t  is ,  t h e r e f o r e ,  descr ibed  below. The power r a m  
t e s t s  were s i m i l a r  t o  t h e  normal f a c i l i t y  t r a n s i e n t s  which 
occur i n  changing from one ope ra t ing  p o i n t  t o  another .  The i r  
performance o f f e r e d  no p a r t i c u l a r  d i f f i c u l t y .  
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To conduct t h e  b o o t s t r a p  t e s t ,  t h e  l i t h i u m  coolant  was 
c i r c u l a t e d  a t  a temperature  of about 1455 K ,  approximately 
40 kW of thermal  power be ing  r equ i r ed  t o  maintain t h i s  tem- 
p e r a t u r e .  Liquid potassium a t  a temperature  of about 720 K 
was admit ted i n t o  t h e  evacuated loop,  f i l l i n g  t h e  lower por-  
t i o n s  of t h e  p ip ing  t o  a l e v e l  w e l l  below both  t h e  b o i l e r  
and t h e  condenser. A t  t h e  s t a r t  of t h e  t e s t ,  t h e  potassium 
pump was energized and t h e  flow r a t e  manually increased  a s  a 
func t ion  of t ime u n t i l ,  a f t e r  about 60 seconds,  t h e  va lue  of 
t h e  flow r a t e  reached 0.02 kg/sec, about  50 percent  of  t h e  
des ign  flow r a t e  f o r  t h e  s ing le - tube  b o i l e r .  T h e r e a f t e r ,  
sma l l  adjustments  were made t o  maintain t h i s  value.  During 
t h e  flow ramp and f o r  about  60 a d d i t i o n a l  seconds,  t h e  t h e r -  
mal power inpu t  t o  t h e  l i t h i u m  loop was manually increased  
t o  maintain t h e  temperature  of  t h e  l i t h i u m  e n t e r i n g  t h e  b o i l e r  
above 1450 K, Figure 7 p r e s e n t s  t h e  changes i n  potassium flow 
r a t e ,  b o i l e r  e x i t  p re s su re ,  an i n s e r t  temperature  near  t h e  
b o i l e r  e x i t ,  m d  power inpu t  t o  t h e  l i t h i u m  a s  a func t ion  o f  
t ime dur ing  t h e  120 seconds of t h e  s imulated boo t s t r ap  tes t ,  
A s  shown i n  t h i s  f i g u r e ,  no i n s t a b i l i t i e s  occurred dur ing  t h i s  
s eve re  t r a n s i e n t ,  The f a c i l i t y  could have operated i n d e f i n i t e l y  
a t  t h e  cond i t ions  achieved a t  t h e  end of 120  seconds - t h a t  is, 
a t  cond i t ions  comparable t o  a s e l f - s u s t a i n e d  opera t ion  of t h e  
advanced system. 

The i n s e r t  thermqcouple loca t ed  nea r  t h e  b o i l e r  e x i t  
responded, a s  i nd ica t ed  i n  f i g u r e  7 ,  about 38 seconds a f t e r  
t h e  i n i t i a t i o n  of t h e  t r a n s i e n t .  Approximately 35 seconds of 
t h i s  delay was due t o  t h e  t i m e  r equ i r ed  f o r  t h e  potassium t o  
t r a v e l  through t h e  p rehea te r  and t o  reach  t h e  b o i l e r  i n l e t ,  
Th i s  l eng th  of p ip ing  i s  s p e c i f i c  t o  t h e  t e s t  f a c i l i t y ;  conse- 
quen t ly ,  such a long de lay  would n o t  occur i n  t h e  system s t a r t u p .  
The e f f e c t  of t h i s  de lay  was, i n  a c t u a l i t y ,  t o  make t h e  flow 
ramp s h o r t e r  i n  du ra t ion  and, hence, t h e  t r a n s i e n t  more severe .  

The b o i l e r  o u t l e t  p re s su re  increased  50 seconds a f t e r  t h e  
s t a r t  of t h e  b o o t s t r a p  t r a n s i e n t .  The p r e s s u r e  gauge employed 
t o  measure t h i s  v a r i a b l e  has  an est imated response t ime of t h e  
order  of one second; t h e r e f o r e ,  t h e  de lay  between t h e  o u t l e t  
p r e s s u r e  and temperature  may have been due t o  t h e  time requi red  
f o r  t h e  vapor t o  reach  t h e  condenser and f o r  t h e  p r e s s u r e  i n  
t h i s  component t o  increase .  

CONCLUDING REMARKS 

A sampling of  tbe experimental  d a t a  obtained dur ing  per-  
formance and t r a n s i e n t  t e s t i n g  of a s ing le - tube  potassium 
b o i l e r  has  been presented.  Included was a temperature  d i s t r i -  
bu t ion  wi th in  t h e  b o i l e r  a t  f l u i d  temperature  and p r e s s u r e  
l e v e l s  c l a s e l y  matching those  requi red  t o  be met by t h e  b o i l e r  
of t h e  advanced Rankine system, Overa l l  p re s su re  l o s s e s  ac ross  
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t h e  b o i l e r  a s  a func t ion  of  flow r a t e  f o r  a cons t an t  e x i t  
q u a l i t y  of 1 .0  and two l e v e l s  of  e x i t  superhea t  were a l s o  
presented ,  t h e  l a t t e r  p re s su re  l o s s e s  be ing  s u b s t a n t i a l l y  
l a r g e r  than  t h e  former. Potassium h e a t  t r a n s f e r  c o e f f i -  
c i e n t s  averaged over the b o i l i n g  r eg ion  were shown t o  be 
very l a r g e ,  a s  l a r g e  a s  5 W/cm2-K, a t  e x i t  q u a l i t i e s  up t o  
1.0, These c o e f f i c i e n t s  decreased a s  t h e  b o i l e r  was made 
t o  ope ra t e  wi th  e x i t  superheat .  F i n a l l y ,  t h e  r e s u l t s  of  a 
t r a n s i e n t  t e s t  t o  s imula t e  t h e  s t a r t u p  of  t h e  advanced 
system were presented.  Within approximately 120  seconds,  
t h e  f a c i l i t y  was s t a b l y  brought t o  cond i t ions  which simu- 
l a t e d  a s e l f - s u s t a i n i n g  opera t ion  of the advanced system 
power p l a n t ,  The d a t a  presented  h e r e i n ,  a sma l l  f r a c t i o n  
of  t h e  t o t a l  ob ta ined ,  a lone  i n d i c a t e  t h a t  a mgjor  advance 
i n  t h e  technology of high-temperature l iqu id-meta l  space  
power systems has  been bade a s  a resu l t  of  t h e  s u c c e s s f u l  
t e s t i n g  of t h e  s ing le - tube  potassium b o i l e r .  
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NOMENCLATURE 

Heat t r a n s f e r  c o e f f i c i e n t  for potassium ave aged 
over the b o i l i n g  (two-phase) r eg ion ,  W/cm K 

2 

5 Ti 

P Potassium p r e s s u r e ,  N/cm 

A P O v e r a l l  potassium p r e s s u r e '  l o s s  a c r a s s  b o i l e r ,  
N/cm2 

Q N e t  thermal  power i n p u t  t o  the  l i thium c o o l a n t ,  kW 

Potassium tempera ture  measured by thermocouple 
K,O l o c a t e d  w i t h i n  i n s e r t  of b o i l e r  nea r  o u t l e t  end, 

see f i g u r e  7 ,  K 

W Flow r a t e ,  kg/sec 

T 

SUBSCRIPTS 

i I n l e t  of b o i l e r  

K Refers t o  potassium f l u i d  

L i  Refers t o  l i t h i u m  f l u i d  

0 O u t l e t  of b o i l e r  

SAT S a t u r a t i o n  cond i t ion  a t  b o i l e r  e x i t  

sc B o i l e r  i n l e t  subcool ing 

SH B o i l e r  e x i t  supe rhea t  
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TABLE .L - RANGE OF VARIABLES FOR 
STEADY-STATE BOILER PERFORMANCE TESTS 

Thermal Power Inpu t  Q ,  60 t o  185 

Potassium Exi t  Q u a l i t y  X ,  and 0.5 t o  1.0 
E x i t  Superheat  ATsH, K 0 t o  167 

Potass'um Boi le r -Exi t  P res su re  Po, 
N/cm 2 39 t o  140 

Lithium B o i l e r  I n l e t  - t o-Outlet  
Temperature DifferenceATLi,  K 

Potassium B o i l e r - I n l e t  Subcooling 
ATSC,  K 49 t o  520 

27.8 t o  1 6 7  
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TABLE 2-. - COMPARISON OF BOILER INLET AND OUTLET CONDITIONS 
AT THE NOMINAL OPERATING POINT OF THE ADVANCED RANKINE SYSTEM 

WITH THOSE FOR RUN SHOWN I N  FIGURE 4 

Nominal T e s t  Condi t ions 
Operat ing P o i n t  f o r  Run Shoyq 

Parameter of Advanced System 

Lithium I n l e t  Temperature, K 147 7 

Potassium I n l e t  Temperature, K 9 28 

145 6 

1039 

Potassium Ex i t  Temperature, K 1422 1423 

Potassium Ex i t  P res su re  N/cm2 112  109 

Potassium E x i t  Superheat  K 40 47.8 
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Figure 2. V i e w  of T e s t  F a c i l i t y  Vacuum 
Chamber 
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Figure 3. Schematic o f  Single-Tube Boiler 
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